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WheatMyo-inositol oxygenase (MIOX) catalyzes the conversion of myo-inositol into D-glucuronic acid. The present
study demonstrates isolation of MIOX cDNA (TaMIOX) from wheat (Triticum aestivum L.) with open reading
frame of 912 bp encoding 303 amino acid polypeptideswith amolecularmass of 35.2 kDa. Phylogenetic analysis
of TaMIOX across kingdoms conﬁrmed the close relationship with Triticum urartu and Aegilops tauschii.
Secondary structure of TaMIOX consists of α-helixes (42.9%), β-turns (7.26%) joined by extended strands
(14.85%), and 37 random coils (34.94%). Three-dimensional structure of TaMIOX suggested its close functional
and structural resemblance with known MIOX. Catalytic activity of the puriﬁed TaMIOX is 3.47 μkatal at pH 8.0
and 35 °C with Michaelis constant 5.6 mM. Differential expression pattern of TaMIOX was observed in leaves,
root, stem, seed and seed developmental stages. Leaves showed a signiﬁcantly higher transcript accumulation
followed by root, stem and seed. Expression of TaMIOX during seed development stages showed higher
expression at later stage and suggested that expression of TaMIOX was signiﬁcantly higher in endosperm as
compared with aleurone. The exogenous application of myo-inositol enhanced the expression of TaMIOX in
leaves and roots suggestedmyo-inositol acts as an inducer for the TaMIOX expression. The present study reports
molecular, structural and biochemical characterizations of MIOX inwheat whichmight play an important role in
myo-inositol oxidation pathway.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Myo-inositol oxygenase (MIOX, EC 1.13.99.1) is responsible for oxi-
dative conversion of myo-inositol into D-glucuronic acid (Arner et al.,
2001; Kanter et al., 2003; Valluru andVanden Ende, 2011).Myo-inositol
is known to be involved in plant development and signaling processes,
including auxin storage and transport, regulation of cell death and
biosynthesis of molecules related to lipid signaling, cell wall and phytic
acid (Eckardt, 2010; Endres and Tenhaken, 2011). Contribution in the
ascorbic acid biosynthesis is one of the most important functions of
theplantMIOX (Lorence et al., 2004). The alternative pathway for ascor-
bic acid biosynthesis directed through oxygenation of myo-inositol hasMIOX, Myo-inositol oxygenase
ase; TaMIOX, Triticum aestivum
rth@nabi.res.in (S. Tiwari).
. This is an open access article undebeen of great interest (Lorence et al., 2004; Cruz-Rus et al., 2011; Tóth
et al., 2011; Lisko et al., 2013).
Molecular and functional characterizations of MIOX have been
reported in Arabidopsis thaliana (Lorence et al., 2004; Endres and
Tenhaken, 2011; Tóth et al., 2011; Lisko et al., 2013), Oryza sativa
(Duan et al., 2012; Höller et al., 2015) and Glycine soja (Chen et al.,
2015). In A. thaliana, fourMIOX homologs AtMIOX1, AtMIOX2, AtMIOX4
and AtMIOX5 are localized on different chromosomes. Out of these,
AtMIOX4 has been shown to play an important role in the biosynthesis
of ascorbic acid using myo-inositol as an alternative precursor
(Lorence et al., 2004) aswell as abiotic stress tolerance reported in over-
expressing line by elevation in ascorbic acid content (Tóth et al., 2011;
Lisko et al., 2013). However, Endres and Tenhaken (2009, 2011) report-
ed that MIOX controls the level of myo-inositol without a signiﬁcant
change in ascorbic acid content. Tolerance against drought stress in
rice OsMIOX overexpressing lines suggested its role in abiotic stress
(Duan et al., 2012) but the level of ascorbic acid was not changed before
and after stress treatment (Höller et al., 2015). Alkaline stress tolerance
conferred by GsMIOX1a in Glycine soja was reported by Chen et al.r the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Primers used in gene ampliﬁcation, cloning and quantitative real-time PCR analysis.
Name of
primers
Sequences (5′ to 3′) Amplicon
size (bp)
TaMIOX_F
TaMIOX_R
ATGACCATCATCATCGAGCAGCCTCAGT
TCACCATCGCAGCTTCCCCGGGAA
912
pET(TaMIOX)_F
pET(TaMIOX)_R
CGGGATCCATGACCATCATCATCGAGCAGCCTCAGT
CCGCTCGAGCCATCGCAGCTTCCCCGGGAAGTA
912
RT (TaMIOX)_F
RT (TaMIOX)_R
GCCGAGGCCATCCGCAAGGA
GTTGCATTCGTCGAACGCGCAGC
165
RT (TaARF)_F
RT (TaARF)_R
TGATAGGGAACGTGTTGTTGAGGC
AGCCAGTCAAGACCCTCGTACAAC
200
RT (TaEF1)_F
RT (TaEF1)_R
GCTGTCAAGTTTGCTGAGATCC
GTACTGAGCGAAGGTCTCCAC
150
11A. Alok et al. / Plant Gene 4 (2015) 10–19(2015). These studies in A. thaliana, G. soja and O. sativa clearly suggest
that alterations in plantMIOXmight perturb theﬂux for its participation
in multiple pathways.
These attributes for MIOX make it an important candidate to be
studied in crop plants like wheat. Wheat is an important crop and a
major source of energy and micronutrients in the developing world.
Thus, study directing towards understanding the role of MIOX in
wheat seeds could be of great interest and has potential for any such
trait development.
In the present study, we report molecular, structural and
biochemical characterizations of wheat MIOX (TaMIOX). In-silico anal-
ysis of TaMIOX was carried out to determine secondary and three-
dimensional (3D) structures. Spatio-temporal expression analyses of
TaMIOX suggested its preferential expression in leaves. Enzyme kinetics
of TaMIOX suggested its functional activity towards the substrate that
could help in addressing the in-vivo function of the protein.
2. Materials and methods
2.1. Plant material, growth conditions and treatment
Bread wheat (Triticum aestivum L.) Indian variety, C306, was grown
at the research farm of the National Agri-Food Biotechnology Institute
(NABI). The individual plant spike of the three biological replicates for
each experiment was tagged at the ﬁrst day after anthesis (DAA).
About 25–30 seeds from each spike were harvested at four different
developmental stages i.e. 7, 14, 21, and 28 DAA and were frozen in
liquid nitrogen for RNA extraction. To compare the expression of
genes in the aleurone and endosperm, these tissues were separated
from 14 DAA seeds and were frozen for further processing. For treat-
ment assays, three week old plants were placed in Hoagland liquid
media (Hoagland and Arnon, 1950) and kept for one week for acclima-
tization. Plants were then transferred to fresh Hoagland liquid media
supplemented with 10 mM and 20 mMmyo-inositol and then kept for
24 h. The plants were grown in a plant growth chamber (Conviron,
Canada) at 22 °C under 16/8-h light/dark period with 60 ± 5% relative
humidity. Light at 200 μmol photon m−2 s−1 was supplied by
ﬂuorescent tube lights.
2.2. RNA isolation and cDNA synthesis
Total RNA was isolated from different tissues (roots, leaves, stems
and seeds) and at different developmental stages of the seed (7, 14,
21, and 28 DAA) using Spectrum™ Plant Total RNA kit (Sigma-Aldrich,
USA). On-column DNase I Digest set (Sigma-Aldrich, USA) was
used to eliminate DNA contamination. The integrity and size distri-
bution of total RNA were fractionated by electrophoresis on 1.2% aga-
rose gel and detected by ethidium bromide staining. NanoQuant
(Inﬁnite® 200 PRONanoQuant, Austria) was used for RNA quantiﬁca-
tion. One microgram of total RNA was used as the template for re-
verse transcription. The cDNA was synthesized using SuperScript®
III First-strand Synthesis SuperMix (Invitrogen™, USA) according to
the manufacturer's instructions.
2.3. Gene cloning and sequence analysis
All four AtMIOX protein sequences from A. thaliana were used
for tBlastn searches against T. aestivumnucleotidedatabase and expressed
sequence tag (EST) database available at the National Center for Biotech-
nology Information (NCBI) web portal (www.ncbi.nlm.nih.gov). All ESTs
were assembled using CAP3 software. Open reading frame (ORF) was
searched using ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/orﬁg.cgi).
Set of primers (Table 1) were designed to amplify ORF of TaMIOX gene.
Ampliﬁed PCR product was separated by electrophoresis on 1% agarose
gel and TaMIOX amplicon was puriﬁed and cloned at EcoRV restriction
site in pBluescript SK+ cloning vector (Stratagene, USA). Positive cloneswere analyzed by the restriction digestion and conﬁrmed by the
sequencing using a 96 capillary DNA analyzer (3730XL, Applied
Biosystems, USA).
TaMIOX sequencewas analyzed using different bioinformatics tools.
Theoretical molecular weight (MW) and isoelectronic point (pI) of the
TaMIOX protein were computed using ExPASy proteomics server
(http://ca.expasy.org). Signal peptide in the TaMIOX was investigated
by Signal P 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) and
SOSUI software (Gomi et al., 2000). Multiple sequence alignments
were performed by the ClustalW program. Domain organization was
analyzed by the Scan Prosite (http://prosite.expasy.org/scanprosite)
and InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan). UniProt
database (http://www.uniprot.org/blast) was used to understand the
function of different motifs present in TaMIOX. An orthologous MIOX
sequences of A. thaliana (Uniprot ID: Q8L799) and O. sativa (Uniprot
ID: Q5Z8T3) were used as reference for the functional characterization
of TaMIOX. Conserved amino acid sequences present in MIOX were
analyzed across kingdoms using ConSurf server (http://consurf.tau.ac.
il/overview.html).2.4. Gene structure and phylogenetic analysis
The wheat genome sequence database (http://www.wheatgenome.
org/)was used to identify homologs of the TaMIOX. FGENESH+program
was used for the prediction of exon and intron in the genomic contig
(www.softberry.com). MIOX protein sequences from bacteria, fungi,
plant and animal species were retrieved from the NCBI data bank and
aligned using ClustalW program (www.ebi.ac.uk/Tools/msa/clustalw2).
The phylogenetic tree was constructed using Molecular Evolutionary
Genetic Analysis (MEGA) 5.0 software (Tamura et al., 2011). Ten
thousand bootstrap replicates were created and the tree was generated
using Neighbor-Joining method.2.5. Molecular modeling of TaMIOX
The secondary and 3D structures of the TaMIOX were predicted
using SOPMA (npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=
npsa_sopma.html) and I-TASSER servers (http://zhang.bioinformatics.
ku.edu/I-TASSER), respectively. Both servers extract similar protein
function and structural information from Protein Data Bank (PDB)
and generated model structures using the most suitable template
(Geourjon and Deléage, 1995; Zhang, 2008). The MUSTER threading
program calculated normalized Z score used for the validation of the
template selection criteria (normalized Z score N 1, indicates good align-
ment and selection). The superimposed 3D structure of the TaMIOX
with a suitable template was visualized and examined using a 3D Mol-
ecule Viewer of Vector NTI Advance™ (Invitrogen™, USA). The
Table 2
Percent identity of TaMIOX (AK334637) with other plants MIOX.
Name of plant species Accession number of MIOX % Identity
Brachypodium distachyon XP_003563752.1 94
Oryza sativa NP_001057871.1 88
Zea mays NP_001141330.1 90
Theobroma cacao EOY23957.1 72
Cicer arietinum XP_004510326.1 75
Glycine max XP_003531637.1 73
Arabidopsis thaliana NP_172904.2 76
Solanum lycopersicum XP_004241951.1 68
12 A. Alok et al. / Plant Gene 4 (2015) 10–19substrate binding site was predicted using 3DLigand-Site software
(http://www.sbg.bio.ic.ac.uk/3dligandsite).
2.6. Heterologous expression and puriﬁcation of recombinant TaMIOX
The full-length ORF of the TaMIOX was ampliﬁed using
pET(TaMIOX)_F and pET(TaMIOX)_R (Table 1) and cloned into the
pET23a bacterial expression vector with 6X(His) tag fusion (Novagen,
USA) at BamHI and XhoI restriction sites. Positive clones were analyzed
by the restriction digestion and in-frame sequence was conﬁrmed by se-
quencing of the plasmid (3730XL, Applied Biosystems, USA). The expres-
sion cassettewas transformed into Escherichia coliBL21-Codonplus (DE3)
competent cells. Single isolated colony was inoculated in a Luria Broth
(LB) medium containing ampicillin (100 mg/l) and grown overnight as
a primary culture at 37 °C with 200 rpm in the incubator shaker. Primary
culture was inoculated into secondary culture at 1:100 dilutions and
grown in the different media (LB, Nutrient Broth and Minimal Essential
Medium)at 37 °C and220 rpm to anoptical density (OD600) of 0.6. LB sup-
plemented with 60 mM myo-inositol was also checked for optimum
protein expression. Various concentrations (0.25, 0.5, 0.75 and
1mM) of isopropyl β-D-thiogalactoside (IPTG) and different temper-
atures (20, 25, 30 and 37 °C) were tested for the optimum protein ex-
pression. One ml of induced culture was collected at the different time
intervals (0, 1, 2, 3, 4 and 6 h) and harvested by centrifugation
(6000 rpm, 4 °C for 15 min). Cell pellet was suspended in 100 μl 2×
loading dye (100 mM Tris–HCl, pH 6.8 200 mM DTT, 4% SDS, 0.2%
bromophenol blue and 20% glycerol), lysed by heat (5 min, 99 °C),
vortexed (30 s, 5 cycles) and centrifuged (10,000 rpm, 4 °C,
15 min). Proteins were separated onto 12% SDS-PAGE and visualized
using Coomassie blue staining.
The optimum condition (LB medium, 4 h induction with 0.5 mM
IPTG at 20 °C temperature and 200 rpm) was used for bulk expression
of recombinant protein in 2 l culture. All steps for puriﬁcationwere per-
formed at 4 °C. The recombinant cell pellet was washed and suspended
in 20 mM Tris–HCl (pH 8.0) buffer. The cell suspension was lysed using
lysozyme (0.5mg/ml) for 20min followed by sonication. The lysatewas
centrifuged (10,000 rpm for 20 min at 4 °C) and supernatant was col-
lected. The recombinant protein was puriﬁed by afﬁnity chromatogra-
phy using Ni–NTA column (Qiagen, Germany). The column was
equilibrated with a buffer (20 mM Tris–HCl pH 8.0, 10 mM imidazole,
150 mM NaCl) and supernatant was loaded. Unbound proteins were
washed with a wash buffer (20 mM Tris–HCl pH 8.0, 20 mM imidazole,
150 mMNaCl). The bound proteins were eluted with the elution buffer
(20 mM Tris–HCl pH 8.0, 300 mM imidazole, 150 mM NaCl). Eluted
sample was dialyzed against 20 mM Tris–HCl (pH 8.0). The concentra-
tion of puriﬁed recombinant TaMIOX protein was estimated as per
Bradford assay (Bradford, 1976) using bovine serum albumin (BSA) as
a standard. Purity of the recombinant protein was analyzed onto 12%
SDS-PAGE by Coomassie blue staining.
2.7. Enzyme activity of recombinant TaMIOX
Recombinant TaMIOX activity was assayed using orcinol-based
test (Moon et al., 2009). Standard reaction mixture contained 50 mM
Tris–HCl (pH 8.0), 2 mM L-cysteine, 1 mM Fe(NH4)2(SO4)2, substrate
(60 mM myo-inositol) and puriﬁed enzyme. The whole reaction
mixture was incubated at 37 °C for 1 h and terminated by adding
30% trichloroacetic acid in 1:10 (v/v) ratio. Reaction mixture was
centrifuged and the product (D-glucuronic acid) concentration was
determined by an addition of an orcinol reagent and measurement
at A670 nm. Optimum temperature and pH for enzyme activity were
determined by using temperature gradient (5 to 50 °C) and buffers
(MES pH range 5 to 6 and Tris–HCl pH range 7–10) to obtain the
maximum activity of recombinant TaMIOX.
The Michaelis constant (Km) and catalytic activity of TaMIOX
were calculated by measuring enzyme activity with different substrateconcentrations (5 to 50 mM) and using Hyper32 software (http://
homepage.ntlworld.com/john.easterby/hyper32.html). The assay was
performed in triplicates.
2.8. Quantitative RT-PCR analysis
The relative expression of the TaMIOX transcript was evaluated
in the different tissues (roots, leaves, stems and seeds) and at different
developmental stages of the seed (7, 14, 21, and 28 DAA). Total RNA
was extracted from different tissues and used for cDNA synthesis as
described earlier. The conserved sequence from A, B and D genome
of wheat was selected to design the primers and used for the expres-
sion analysis of TaMIOX (Supplemental Fig. 1). Two housekeeping
genes, elongation factor 1 alpha (EF1α; UniGene ID: Ta.659) and
ADP ribosylation factor (ARF; UniGene ID: Ta.2291) were selected to
normalize the invariant expression under the described experimental
conditions (Kumar et al., 2014; Singh et al., 2014). At least two indepen-
dent RNA preparations from different tissues and three technical tripli-
cates for each reaction were considered for the analysis. Multiple cDNA
dilutions were used to generate a logarithmic value and reaction efﬁ-
ciencies were calculated before selecting the primer concentration.
The amount of the target RNA fell within the range tested, allowing a
reliable quantiﬁcation of the target RNA samples. The relative fold
gene expression of TaMIOX was estimated in terms of 2−ΔΔCT method
(Schmittgen and Livak, 2008). The ΔCt was determined by subtracting
housekeeping gene Ct from the Ct of TaMIOX in a given tissue sample.
The ΔΔCt value was determined by subtracting the lowest expressing
tissue sample (reference) ΔCt from the ΔCt of each plant tissue in a
particular experimental group. All primers used in the expression
study were designed by Primer Express TM (Applied Biosystems,
USA) software (Table 1). Quantitative RT-PCR was carried out with
ABI 7700 Sequence Detector (Applied Biosystems, USA) and using
SYBR Green chemistry.
3. Result
3.1. Identiﬁcation, cloning and sequence analysis of TaMIOX
All four A. thaliana MIOX (AtMIOX1, NP_001154337.1; AtMIOX2,
NP_565459.1; AtMIOX4, NP_001190844.1; and AtMIOX5, NP_200475.1)
were used as a query sequence to identify the homologous genes of
T. aestivum in the NCBI database. ESTs were assembled and led to the
identiﬁcation of only one UniGene ID (Ta.53897) which was referred as
TaMIOX. Further sequence analysis also revealed the presence of only
one cDNA (AK334637) having a signiﬁcant identity (77%)with AtMIOX1.
The sequence alignment of the TaMIOXwith the reportedMIOX revealed
that TaMIOX contains a putative open reading frame of 912 bp including
109 bp and 343 bp as 5′ and 3′ UTRs, respectively. Full-length TaMIOX
cDNA encodes a functional polypeptide of 303 amino acid residues with
a molecular mass of 35.2 kDa. Absence of signal peptide in TaMIOX
suggested it as a soluble protein with a hydrophobicity average
of−0.513201. ClustalW alignment of amino acid sequence of TaMIOX
with other plant MIOX exhibited percentage identity ranging from 68%
to 94% (Table 2). The highest identity was noticed with Brachypodium
13A. Alok et al. / Plant Gene 4 (2015) 10–19distachyon (94%) while the lowest with Solanum lycopersicum (68%). The
BLAST analysis of TaMIOX against the UniProt database revealed that 34–
303 amino acids of MIOX are conserved in different plant species (Fig. 1).
The Gene Ontology database analysis anticipated TaMIOX as a cytoplas-
mic protein (GO: 0005737). It exhibited conservation within the regionFig. 1.Multiple sequence alignment of MIOX using different plant species. Red and green color
shows common for both substrate and iron binding sites.responsible for iron binding (GO: 0005506) and oxido-reductive (GO:
0055114) activities. Three substrate binding regions (DDS-101–103,
GD-160–161 and HS-238–239) and two substrate binding sites (Arg-
44 and Lys-143) were observed as conserved regions after a multiple
alignment of TaMIOX with other plant MIOX proteins (Fig. 1). Sixamino acids indicate substrate and iron binding sites, respectively. Blue color amino acid
Fig. 2.Genomic structure ofMIOX gene family in Triticum aestivum. Gray boxes and blue line indicate position of exons and introns, respectively. Nucleotide length of exons is shown above
of box. Red, sky blue, dark blue and green colors indicate the positions of start codon, Tata-box, stop codon and poly A tail, respectively.
14 A. Alok et al. / Plant Gene 4 (2015) 10–19possible iron binding sites (His-114, His-139, Asp-140, His-212, His-
238, and Asp-271) for two iron molecules were also conserved in
TaMIOX (Fig. 1). The presence of HD (139–140) sequences in TaMIOX
indicated that it belongs to the HD-domain superfamily, which is
known for strong binding with metal ions (Brown et al., 2006). ConSurf
program analysis revealed that MIOX protein is conserved across all
plants, animals, bacteria and fungi. The result suggested that the 100
amino acid sequences at the N-terminus are variable, 100 to 250
amino acid regions are highly conserved and the remaining 251 to 303
amino acids at C-terminus are less conserved (Supplemental Fig. 2).3.2. Gene structure and evolutionary relationship of TaMIOX
Genomic information through IWGS and FGENESH+ program
revealed that TaMIOX contains nine introns for each homolog (Fig. 2).
The homologous genes of TaMIOXwere located on A, B and D genomes
on large segments of chromosome 7. The phylogenetic tree displayed 3
groups and 6 clades (Fig. 3). In the ﬁrst group, plant MIOX sequencesFig. 3.Aphylogenetic tree ofwheatMIOXproteinwith other knownMIOX fromdifferent organi
node represent bootstrap values. The bar at the bottom indicates the relative divergence. Respwere aligned into monocot and dicot subgroups. The second group
contained MIOX from microorganisms, separated into yeast and
bacteria while the third group subdivided into insect and mammal.
TaMIOX (AK334637) showed a close relationship to MIOX from
Triticum urartu (EMS59186.1) (the donor of A genome) and followed
by Aegilops tauschii (EMT27791.1) (the donor of D genome).3.3. Structural and homology modeling
The secondary structure of TaMIOX consists of α-helixes (42.9%),
β-turns (7.26%) joined by extended strands (14.85%) and random
coils (34.94%) as shown in Fig. 4A. A predicted 3D structure of TaMIOX
was determined using comparative modeling by applying I-TASSER
simulation. Five 3D models showed C-score between−0.59 and−1.39
(TM-score 0.64 ± 0.13 and RMSD 7.5 ± 4.3 Å). The crystal structure
of the mouse MIOX (PDB ID-2huo) with 47% sequence identity was
used as a template to generate a comparative 3D model of TaMIOX.
The MUSTER threading program generated normalized Z score (3.38)sms. The treewas constructedusing neighbor-joiningmethod. Thenumbers shown at each
ective accession numbers are shown in parentheses.
Fig. 4. Structural analysis of TaMIOX. (A) Secondary structure of TaMIOX. Blue, red, green and violet vertical lines indicate helices, sheets, turn and coils, respectively. (B) The 3D structure
shows superimposition of common regions of TaMIOX (red) on the mouse MIOX (blue). (C) Substrate binding site in TaMIOX. Blue color indicates amino acid residue whereas brown
sphere for hetrogens.
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structure of the TaMIOX with a template is shown in Fig. 4B. Active and
substrate binding sites in TaMIOX were identiﬁed using information
collected from the PDB database (Fig. 4C). The functional and structural
close resemblance of known MIOX proteins with TaMIOX was con-
ﬁrmed by CscoreEC, CscoreLB and BS-score analyses using I-TASSER serv-
er. Active site residues at Gly-142, Val-159, Asp-161, Phe-163, Asp-204,
Val-206, Ser-209, Ile-235, and Phe-240 and Arg-44, Asp-104, Asp-106,
Glu-152, Trp-156, and Gly-160 were identiﬁed in the TaMIOX using
human MIOX (PDB ID-2ibn) and mouse MIOX (PDB ID-3bxd) models
with the CscoreEC as 0.551 and 0.541, respectively. The substrate bind-
ing sites at HD139-140, K143, H212, HS238-239 and D101, SD103-
104, D140, K143, VGD159-161, H212, HS238-239, and Y-241 were
determined in TaMIOX using two mouse MIOX models having PDB
IDs-3bxd and 2huo, with the CscoreLB 0.81 and 0.66 and the BS-score
1.68 and 1.79 also noticed, respectively.
3.4. Puriﬁcation and biochemical characterization of recombinant TaMIOX
The high yield of the recombinant protein was optimized with
respect to media composition, temperature, IPTG concentration and
duration of growth (Fig. 5A). Addition of myo-inositol in LB medium
and incubation at 37 °C increased protein expression; however, a large
proportion was present in inclusion bodies. The solubility of recombi-
nant proteinwas increased to amaximumof 70% of total expressed pro-
tein, when E. coli grown in LB medium was induced with 0.5 mM IPTG
for 4 h at 20 °C. The recombinant protein present in the clear lysate of
E. coli was puriﬁed using Ni–NTA column. The molecular mass ofpuriﬁed protein was estimated approximately 35 kDa using SDS-PAGE
(Fig. 5A) and used for further enzyme activity.
The recombinant TaMIOX was active in a Tris–HCl buffer pH
range 7.0 to 10.0 with a maximum activity at pH 8.0 measured at
A670 nm (Fig. 5B) whereas decreased activity was observed at a pH
range of 5.0 to 6.0 in a MES buffer. Recombinant TaMIOX was active
over a temperature range from 5 °C to 45 °C with an optimum activ-
ity at 35 °C (Fig. 5C). MIOX activity was completely abolished at
N50 °C. The Km value and catalytic activity of the TaMIOX were de-
termined as 5.6 mM and 3.47 μkatal, respectively from the
Michaelis–Menten plot (Fig. 5D).3.5. Tissue speciﬁc expression analysis of TaMIOX
Quantitative estimation of the TaMIOX transcript accumulation in
roots, stems, leaves and seeds was carried out by qRT-PCR using gene
speciﬁc primers designed to amplify all the MIOX homologs from
chromosome 7 (Supplemental Fig. 1). The experimentswere performed
with two housekeeping genes to obtainmost consistent relative quanti-
ﬁcation and normalization of TaMIOX transcriptswas carried out against
ARF. The highest expression of the TaMIOX was observed in leaves
followed by roots, stems and seeds (Fig. 6A). Expression analysis
showed that TaMIOX was expressed throughout the developmental
stages of grain at varying levels with highest expression at 28 DAA
(Fig. 6B). Tissue speciﬁc analysis of TaMIOX suggested that higher ex-
pression in the endosperm as compared with the aleurone layer of
wheat grains indicated its site of activity (Fig. 6C).
Fig. 5. Recombinant expression and enzyme kinetics studies of TaMIOX. (A) puriﬁcation of recombinant TaMIOX (lane 1, protein molecular weight markers; lane 2, Induced whole cell
lysate and lane 3, His-tag puriﬁed recombinant protein). (B) Optimum pH for the puriﬁed recombinant TaMIOX. (C) Optimum temperature for the puriﬁed recombinant TaMIOX.
(D) Kinetics for the substratemyo-inositol inMichaelis–Menten plot follows a hyperbolic curve. Experiments (Fig. 5B and C) repeated with two biological replicates and each experiment
consisting of three technical replicates. The graph shows values ± SD.
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The exogenous application of 10mMmyo-inositol resulted in 2.6-fold
higher expression of the TaMIOX in leaves as compared with control,
whereas no signiﬁcant change was observed with 20 mM myo-inositol
(Fig. 6D). In roots, expression of TaMIOX increased by 14- and 26-fold
with 10mMand 20mMexogenous application ofmyo-inositol, respec-
tively as compared with control (Fig. 6E). Enhanced expression of the
TaMIOX was observed in both the tissues although at different concen-
trations. It was suggested that exogenous application of myo-inositol
positively regulates MIOX in wheat plant tissues.
4. Discussion
The present study reports identiﬁcation and characterization
of MIOX of wheat. MIOX plays an important role in myo-inositol
catabolism, therefore, it is considered as an enzyme of the physiological
and nutritional interest. MIOX catalyzes the breakdown ofmyo-inositol
by oxygenation to D-glucuronic acid with the incorporation of a single
oxygen atom of molecular oxygen (Lorence et al., 2004; Endres and
Tenhaken, 2011). Our wheat MIOX showed N85% sequence identity to
B. distachyon (94%), Z. mays (90%) and O. sativa (88%). The protein
molecular weight of TaMIOX (35.2 kDa) is similar to B. distachyon(35.2 kDa) MIOX protein; however, O. sativa (35.8 kDa), Z. mays
(35.4 kDa),A. sativa (62 kDa) andA. thaliana (36.5 kDa) have shownadif-
ferent molecular mass. This may suggest that the activity and prop-
erties of MIOX proteins can vary from species to species.
Our in-silico analysis suggested that TaMIOX is preferentially
expressed and localized in the cytoplasm. This observation is in
agreement with the previous MIOX localization study in other systems
(Kanter et al., 2003). The ConSurf program analysis revealed that the
N-terminus (1 to 100 amino acids) of TaMIOX protein was variable
while themiddle region (100 to 250 amino acids)was highly conserved
and the C-terminus was less conserved in different species. Similar
results were also demonstrated for Cryptococcus lactativorus MIOX
(Kanter et al., 2003). The HD amino acid sequence in TaMIOX indicated
that the protein belongs to the HD-domain superfamily, which is
known for strong metal binding (Brown et al., 2006) and structural
diversity (Aravind and Koonin, 1998). Three substrate binding regions,
GD, HS and DDSwere found conserved among the plants MIOX (Fig. 1).
The multiple sequence alignment showed that the DDS region was
replaced by DES in Cicer arietinum, Glycine max and A. thaliana.
The D (Asp) and E (Glu) amino acids belong to the acidic group
and are involved in a similar function (Sajadi, 2010). Therefore, this
amino acid shift would not affect the function of motif. The iron binding
sites noticed in TaMIOX could be essential for the binding of two
Fig. 6. Tissue speciﬁc transcript expression of TaMIOX in wheat. (A) Expression analysis in different tissues of 14 DAA old wheat plant. (B) Expression analysis during different stages of grain
ﬁlling. (C) Expression quantiﬁcation in aleurone and endosperm. (D) Expression in leaveswhenwheat plants exposedwith 10mMand 20mMmyo-inositol for 24 h treatment. (E) Expression
in roots whenwheat plants exposed with 10mM and 20mMmyo-inositol for 24 h treatment. The level of TaMIOX transcript in different tissues normalized with reference to ARF taken as an
internal control. Bars denote relative gene expression±SD.All experimentswere repeated at least two times and each experiment consisted of three technical replicates. Statistical analysiswas
performedusing onewayANNOVAofOrigin 6.0 software (Origin Lab Corporation,MA,USA) to check the level of signiﬁcance. Statistical signiﬁcancewas checked at p ≤0.01 (highly signiﬁcant)
denoted as **, with respect to the expression in roots or 7 DAA or aleurone or control (without myo-inositol treatment) for the respective experiments.
17A. Alok et al. / Plant Gene 4 (2015) 10–19iron molecules and activation that is similar to mouse MIOX protein
(Brown et al., 2006). The MIOX genes are widely distributed in
eukaryotes but generally absent in prokaryotes (Kanter et al., 2005;
Endres and Tenhaken, 2011) except in few bacteria (Fig. 3). The
plant MIOX sub-grouped into monocot and dicot showed the close
relationship of the TaMIOX with the MIOX of T. urartu and A. tauschii.
The T. urartu and A. tauschii contributed A and D genomes, respectively
in T. aestivum (AABBDD genome) could be the reason for the close
relationship of their MIOX (Petersen et al., 2006).
Over 30% sequence identity of the known structure can be
considered as a reliable template for protein structure modeling
(Xiang, 2006). For 3D structural analysis of TaMIOX, mouse MIOX
(PDB ID-2huo) protein (Brown et al., 2006) with 47% sequenceidentity was used as a suitable template as no protein structure of
plant species was available in the PDB database. TaMIOX conﬁned
α-helixes, β-sheets and the substrate binding site buried inside as
pockets were identical to mouse MIOX (Brown et al., 2006). The
substrate binding site in TaMIOX was coordinated by two histidine
residues (His-238 and His-212) and one aspartate residue (Asp-140)
and centered by two iron molecules.
The recombinant TaMIOX protein expression in soluble form
was improved by optimization of growth conditions. Previous
reports suggested bacterial expression of recombinant MIOX at
37 °C and used bacterial cell lysate for activity assay (Arner et al.,
2001). The supplementation of myo-inositol to the culture media
signiﬁcantly improved soluble protein yields (Arner et al., 2004).
18 A. Alok et al. / Plant Gene 4 (2015) 10–19The present study reported higher expression of recombinant
TaMIOX in soluble form using LB medium supplemented 60 mM
myo-inositol and induced with 0.5 mM IPTG for 4 h at 20 °C. The
effect ofmyo-inositol to improve the expression of recombinant pro-
tein was discussed by Arner et al. (2004). The possible explanation
was that myo-inositol is needed for proper folding of MIOX
enzyme. Another possibility is that supplementing myo-inositol
reduces any toxic effect of the MIOX activity on the bacteria which
subsequently enhanced production of recombinant MIOX protein. We
observed sugar and other molecules present in the whole bacterial
lysate interfere with an orcinol reagent and showed high background
interference. Similar observations were also reported by Linster and
Van Schaftingen (2004) and Moon et al. (2009). The puriﬁed recombi-
nant TaMIOX used for enzyme assay showed optimum activity at
35 °C and pH 7.0; however, C. lactativorus MIOX activity was detected
at 30 °C and pH 6–6.5 (Kanter et al., 2003). The apparent Kmof puriﬁed
recombinant TaMIOX was 5.6 mM which is greater than the puriﬁed
MIOX of C. lactativorus (Km, 5 mM), but lower than that puriﬁed from
pig (Km, 5.9 mM) (Kanter et al., 2003). Thus, the variation observed in
MIOX enzyme activity could be due to the differences in the methods
of expression, puriﬁcation, properties (structural and functional) and
stability of the enzymes.
Previously, overexpression studies in rice suggested that MIOX
plays an important role in drought tolerance (Duan et al., 2012).
Our expression data highlighted that wheat MIOX is maximally
expressed in leaves, a possible site for its activity. In wheat grain
tissue, TaMIOX is highly expressed in the endosperm. We also
noticed that the expression of TaMIOX was signiﬁcantly higher in
the grains at the 28 DAA stage of seed development. This observation
suggests that the TaMIOX might be highly active at the late stage
of seed development (preferably in the endosperm). In general, we
observed higher expression of TaMIOX in leaves when compared
with the roots (Fig. 6A). The expression returned to the basal level
in leaves in the presence of higher concentration (20 mM) of
myo-inositol whereas increased accumulation was observed in the
roots (Fig. 6D and E). The one possibility for this discrepancy could
be that certain factors might be responsible in leaf tissue that cause
repression at 20 mM of myo-inositol, while the same inhibitory
effect was absent in the root. It also seems that the base level of
myo-inositol is higher in leaves as compared with roots. The similar
observation was reported in olive plants (Cataldi et al., 2000). Thus,
the cumulative higher concentrations of myo-inositol might be
causing the repression of the TaMIOX in wheat leaves.
MIOX controls cellular concentration ofmyo-inositol by the catalyz-
ing degradation ofmyo-inositol and leads to the cell wall biosynthesis in
A. thaliana (Endres and Tenhaken, 2009, 2011). Interestingly, overex-
pression of AtMIOX4 did not affect ascorbate levels but reduced content
of the phytic acid was observed. Similarly, rice OsMIOX and G. soja
GsMIOX1a are induced by various abiotic stresses however, no differ-
ences in ascorbic acid levels were noticed under normal and stress
conditions (Duan et al., 2012; Höller et al., 2015; Chen et al., 2015).
Several other reports indicated that AtMIOX4 overexpression leads
to the enhanced accumulation of ascorbic acid (Lorence et al., 2004;
Tóth et al., 2011; Lisko et al., 2013). Tóth et al. (2011) further demon-
strated positive effects in the growth and biomass accumulation in the
transgenic lines. These reports in different plant species indicate
that plant MIOX could be a potential target for development of
agronomically improved and nutritionally rich crops. Therefore, future
studies will be directed to functionally assess the role of wheat MIOX
for certain trait(s) development.
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